r Mitochondrial function changes over time at high altitudes, but the potential benefits of these changes for hypoxia resistance remains unclear.
r Permeabilized muscle fibres from the gastrocnemius muscle had higher respiratory capacities in high-altitude mice than in low-altitude mice.
r Highlanders also had higher mitochondrial volume densities, due entirely to an enriched abundance of subsarcolemmal mitochondria, such that more mitochondria were situated near the cell membrane and adjacent to capillaries.
r There were several effects of hypoxia acclimation on mitochondrial function, some of which were population specific, but they differed from the evolved changes in high-altitude natives, which probably provide a better indication of adaptive traits that improve performance and hypoxia resistance at high altitudes.
Abstract High-altitude natives that have evolved to live in hypoxic environments provide a compelling system to understand how animals can overcome impairments in oxygen availability. We examined whether these include changes in mitochondrial physiology or intracellular distribution that contribute to hypoxia resistance in high-altitude deer mice (Peromyscus maniculatus). Mice from populations native to high and low altitudes were born and raised in captivity, and as adults were acclimated to normoxia or hypobaric hypoxia (equivalent to 4300 m elevation). We found that highlanders had higher respiratory capacities in the gastrocnemius (but not soleus) muscle than lowlanders (assessed using permeabilized fibres with single or multiple inputs to the electron transport system), due in large part to higher mitochondrial volume densities in the gastrocnemius. The latter was attributed to an increased abundance of subsarcolemmal (but not intermyofibrillar) mitochondria, such that more mitochondria were situated near the cell membrane and adjacent to capillaries. Hypoxia acclimation had no significant effect on these population differences, but it did increase mitochondrial cristae surface densities of mitochondria in both populations. Hypoxia acclimation also altered the physiology of isolated mitochondria by affecting respiratory capacities and cytochrome c oxidase activities in population-specific manners. Chronic hypoxia decreased the release of reactive oxygen species by isolated mitochondria in both populations. There were subtle differences in O 2 kinetics between populations, with highlanders exhibiting increased mitochondrial O 2 affinity or catalytic efficiency in some conditions. Our results suggest that evolved changes in mitochondrial physiology in high-altitude natives are distinct from the effects of hypoxia acclimation, and probably provide a better indication of adaptive traits that improve performance and hypoxia resistance at high altitudes.
Introduction
Mitochondrial function is essential for aerobic energy production, and limitations in the ability of mitochondria to produce ATP can impact whole-animal performance. Environments with pervasive and unremitting hypoxia, such as at high altitudes, pose a severe challenge to aerobic energy production via oxidative phosphorylation that can affect organismal aerobic metabolism (Buskirk et al. 1967; West et al. 1983; Lui et al. 2015; Lau et al. 2017) . Thus, for survival in high-altitude environments, it is clear that the respiratory and circulatory systems play key roles in offsetting the detrimental effects of low environmental oxygen availability on tissue oxygen supply (Storz et al. 2010; Gilbert-Kawai et al. 2014; Ivy & Scott, 2015) . However, the importance of changes in mitochondrial physiology for hypoxia resistance, effective locomotion and thermogenesis at high altitudes is still poorly understood (Murray & Horscroft, 2016) .
It has been suggested that increases in tissue oxidative capacity or changes in cellular distribution of mitochondrial volume may offset the reductions in circulatory O 2 supply (Hochachka et al. 1983; Hardy et al. 2009 ). Although direct measurements of mitochondrial density and function are extremely rare, studies examining enzyme activities or muscle fibre composition suggest that mammals and birds native to high altitudes increase oxidative capacity in the muscle via either increases in mitochondrial density or by increases in oxidative fibre abundance (Barrie et al. 1975; Hochachka et al. 1983; Scott et al. 2009a; Lui et al. 2015) . Interestingly, this does not appear to have occurred in humans native to high altitudes whose muscles have a similar aerobic capacity to lowland natives (Kayser et al. 1991 (Kayser et al. , 1996 Hoppeler et al. 2003) . Oxygen transport could also be enhanced by reducing the capillary to mitochondria diffusion distance through the redistribution of mitochondria volume to a subsarcolemmal location (Hardy et al. 2009; Murray & Horscroft, 2016) , which would act synergistically to the increases in capillarity that have been observed in several highland species (León-Velarde et al. 1993; Mathieu-Costello, 2001; Lui et al. 2015) . Bar-headed geese -a species that flies at high altitudes during its migration across the Himalayas (Scott et al. 2015b ) -have reduced intracellular diffusion distance by redistributing mitochondria closer to capillaries (Scott et al. 2009a) , but this has yet to be observed in a high-altitude mammal. These data suggest that an increase in muscle aerobic capacity and reduction in O 2 diffusion distances are advantageous at high altitude. What is lacking are data supporting the hypothesis that altered mitochondrial density, distribution and physiology are under selective pressure in a high-altitude mammal.
The effect of hypoxia acclimation on phenotypic plasticity has been more extensively studied, but principally in low-altitude natives. There has been disagreement about the extent to which hypoxia acclimation affects tissue oxidative capacity. Many studies on lowland humans have reported that acclimatization to high-altitude conditions in fact decreases muscle aerobic capacity. In some cases this is accompanied by a reduction in muscle fibre size but with the maintenance of capillary density, such that the ratio of capillarity to aerobic capacity increases Kayser et al. 1991; Jacobs et al. 2012; Levett et al. 2012) . However, many of these observations may have been confounded by decreases in food consumption that can occur with ascent and leads to negative energy balance. In a more recent study when neutral energy balance was maintained, mitochondrial volume density in the muscle was shown to increase with prolonged exposure of lowland humans to high altitude (Jacobs et al. 2016) . Comparable data in non-human mammals are quite limited, but studies in lowland rodents have often suggested that hypoxia acclimation has relatively little effect on the oxidative capacity of muscle (León-Velarde et al. 1993; Mathieu-Costello & Agey, 1997; Beaudry & McClelland, 2010; Lui et al. 2015; Lau et al. 2017) . The lack of consensus in the literature has made it difficult to assess whether changes in mitochondrial physiology seen at high altitudes are beneficial or alternatively, maladaptive to aerobic performance.
Studies of high-altitude natives are extremely valuable for disentangling whether the acclimation response in lowlanders (or the various other forms of phenotypic plasticity) is beneficial or maladaptive at high altitudes, and whether it can be considered to facilitate or impede the process of evolutionary adaptation (Storz et al. 2010) . North American deer mice (Peromyscus maniculatus) are an excellent model system for addressing this issue because their native range extends from below sea level in Death Valley, California to ß4300 m above sea level (Hock, 1964; Snyder et al. 1982; Natarajan et al. 2015) . Populations from high altitude must sustain high metabolic rates in hypoxia in the wild (Hayes, 1989) , and evidence suggests there is strong positive selection on aerobic capacity (V O 2 max ) to support thermogenesis during cold highland winters (Hayes & O'Connor, 1999) . Indeed high-altitude deer mice have responded to this strong selection pressure, exhibiting a higherV O 2 max in hypoxia than their lowland counterparts (Cheviron et al. 2012; Lui et al. 2015) . The underlying mechanism of these evolved differences appears to include a change in the phenotype of locomotory muscle. Highland mice in the wild have higher oxidative enzyme activities, a greater abundance of oxidative fibres, and higher capillarity in the gastrocnemius muscle than lowland mice (Cheviron et al. 2012; Scott et al. 2015a ). These population differences persist in first generation (F1) progeny that are raised in captivity, but these evolved differences in muscle aerobic capacity were generally unaffected by hypoxia acclimation (Lui et al. 2015 , Lau et al. 2017 . However, the mitochondrial physiology that underlies the population differences in muscle phenotype is unknown, awaiting a detailed study of cell structure and mitochondrial function. The objective of this study was to examine the mechanisms underlying evolved population differences in muscle phenotype in lowland and highland deer mice, and the phenotypic plasticity of muscle in response to hypoxia acclimation. We assessed the respiratory capacity of muscle fibres, the volume density and distribution of mitochondria within fibres, and the functional properties of isolated muscle mitochondria in normoxicor hypoxic-acclimated lowland and highland mice.
Methods

Experimental animals
Captive breeding populations of high-and low-altitude deer mice were established as previously described (Cheviron et al. 2012; Lui et al. 2015; Lau et al. 2017) . High-altitude mice (P.m. rufinus) were trapped on the summit of Mt Evans (Clear Creek County, Colorado; 39°35 18 N, 105°38 38 W) at ß4300 m above sea level. Low-altitude deer mice (P.m.nebracensis) were trapped in Nine-Mile Prairie (Lancaster County, Nebraska; 40°52 12 N, 96°48 20. 3 W) at ß400 m above sea level. Populations were bred separately in captivity to produce F1 progeny, which were raised to adulthood in normoxia in common laboratory conditions with a constant temperature (25°C) and light cycle 12 h light:12 h dark. Mice were provided chow (Teklad Global Rodent Diets, Envigo, Mississauga, Ontario, Canada) and water ad libitum. By using F1 generation offspring that were born and raised in a common environment, we control for the effects of developmental and adult phenotypic plasticity. A mix of male and female mice were used in this study and ranged from 16.3 to 32.1 g in body mass, with a similar overlapping range of masses in each population. All animal care and experimentation followed the guidelines established by the Canadian Council on Animal Care, and were approved by the McMaster University Animal Research Ethics Board.
Experimental design
Adult F1 mice from each population were randomly assigned to one of two acclimation groups for a period of 6-10 weeks: (1) normobaric normoxia in standard lab room conditions, or (2) hypobaric hypoxia in hypobaric chambers set to an ambient pressure of 60 kPa (simulating the pressure at an altitude of ß4300 m elevation). Atmospheric pressure was gradually decreased over the first 3 days in the hypoxia group, and kept at that pressure for the remainder of the acclimation period, using previously described methods and custom-made hypobaric chambers (McClelland et al. 1998) . The cages were cleaned every 3-4 days, which required that the hypobaric chambers be returned to normobaric for a brief period (<1 h). Distinct sets of mice were used for (i) respirometry with permeabilized muscle fibres, (ii) transmission electron microscopy, and (iii) respirometry and enzyme assays with isolated mitochondria (see below).
Mitochondrial respiration in permeabilized muscle fibres
Mice were anaesthetized using an isoflurane-soaked cotton ball and then killed by cervical dislocation. The oxidative core of the gastrocnemius muscle and the soleus muscle were removed and placed in ice-cold relaxing and preservation buffer (concentrations in mM: 2.77 CaK 2 EGTA, 7.23 K 2 EGTA, 5.77 Na 2 ATP, 6.56 MgCl 2 .6H 2 O, 20 taurine, 15 sodium phosphocreatine, 20 imidazole, 0.5 dithiothreitol, 50 methanesulphonate. The muscle fibres were then manually teased apart using dissecting probes (with the assistance of a stereomicroscope) and then permeabilized for 30 min in the same buffer containing saponin (50 μg ml −1 ). Samples then went through three 10 min rinses in respiration solution (in mM: 0.5 EGTA, 3 MgCl 2 , 60 potassium lactobionate, 20 taurine, 10 KH 2 PO 4 , 20 Hepes, 110 sucrose, 1 g l −1 fatty acid-free bovine serum albumin; pH 7.1) and were weighed.
Respiration of the muscle fibres was measured using high-resolution respirometry (Oxygraph-2k, Oroboros J Physiol 595.14 Instruments, Innsbruck, Austria) in 2 ml of respiration buffer at a temperature of 37°C. The solution was oxygenated to an oxygen concentration of 450 μM by bubbling compressed oxygen into the chamber. After 5 min, leak respiration was stimulated with 5 mM pyruvate and 2 mM malate (L N ). Oxidative phosphorylation (OXPHOS) respiration in the presence of 5 mM pyruvate and 2 mM malate was stimulated via multiple complexes of the electron transport system with progressive additions of 2 mM ADP (P PM , complex I), 20 mM glutamate (P PMG , complex I) and 20 mM of succinate (P PMGS , complexes I + II), waiting at least 2 min between each addition until a stable respiration rate could be measured. The chamber was then re-oxygenated and cytochrome oxidase (complex IV) was maximally stimulated with the addition of 1.25 mM ADP, 2 mM ascorbate and 0.5 mM N,N,N ,Ntetramethyl-p-phenylenediamine (TMPD) (P Tm ).
Transmission electron microscopy
The left hindlimb was removed from the mouse, and the knee and ankle joints were flexed and held at 90 deg angles. The gastrocnemius muscle was then tied to the bone with suture to hold its length in this position, and the lateral and medial heads of the gastrocnemius were trimmed away so that only the oxidative core remained. The muscle of the oxidative core was again secured firmly with suture on both ends, and was fixed at 4°C for 24-48 h in 2% glutaraldehyde in 0.1 M sodium cacodylate buffer at pH 7.4. Small muscle blocks were prepared and post-fixed in 1% osmium tetroxide in 0.1 M sodium cacodylate buffer for 1 h, dehydrated through a graded ethanol series (50%, 70%, 70%, 95%, 95%, 100%, 100%) followed by two changes of 100% propylene oxide, and embedded in Spurr's resin (Spurr, 1969) . Ultra-thin sections were cut on a Leica UCT ultramicrotome and placed on copper grids. The sections were post-stained with uranyl acetate and lead citrate. Images were collected using a transmission electron microscope (TEM; JEOL, Peabody, MA, USA).
We made unbiased measurements of mitochondrial volume density and cristae surface density across the oxidative core, using stereological methods that have been previously described (Weibel, 1979; Egginton, 1990; Scott et al. 2009a) . Mitochondria were classified as subsarcolemmal if they were located between the cell membrane and the outer edges of peripheral myofibrils, and intermyofibrillar if they were instead surrounded by myofibrils on all sides. Sufficient images were analysed for each sample to account for heterogeneity, which was determined in preliminary measures as the number of replicate images necessary to yield a stable mean value for the individual mouse. Image locations were selected randomly across the muscle section, and therefore included the representative distribution of fibre types exhibited by the individual.
We also used a semi-quantitative approach to assess the mitochondrial volume densities and intracellular distribution within each fibre type in the muscle. This analysis was important for evaluating whether overall differences in mitochondrial abundance or distribution could be explained by the known differences in muscle fibre-type composition between populations (Lui et al. 2015; Scott et al. 2015a ). We first re-analysed light microscopy images of the oxidative core that were collected as part of a previous study (using the same treatment groups) that reported data for the entire gastrocnemius (Lui et al. 2015) -where full methodologies are describedwhich allowed us to determine the fibre-type composition within the oxidative core for each population in each treatment group. Numerical densities of oxidative and fast glycolytic fibres were determined from stains of succinate dehydrogenase activity (which identifies oxidative fibres), and numerical densities of slow oxidative fibres were determined by staining for slow myosin immunoreactivity, each using stereological methods that have been well described (Weibel, 1979; Egginton, 1990) . The numerical density of fast oxidative fibres was calculated as the difference between the densities of oxidative fibres and slow oxidative fibres. We then used these densities to estimate the proportion of fibres analysed by TEM that were of each fibre type, assuming that slow oxidative fibres had the highest mitochondrial volume density, fast oxidative fibres had the next highest, and fast glycolytic fibres had the lowest. For example, if our analyses by light microscopy revealed that a treatment group had 50% slow oxidative fibres on average, then the 50% of fibres with the highest mitochondrial volume density (measured by TEM) were classified as slow oxidative fibres for each individual in that treatment group.
Mitochondrial physiology of isolated mitochondria
Mice were killed as described above. The muscles from the entire left hindlimb (including the gastrocnemius and soleus) were removed (ß250-400 mg), and immediately transferred to 10 ml of ice-cold isolation buffer (in mM: 100 sucrose, 50 Tris base, 5 MgCl 2 , 5 EGTA, 100 KCl, 1 ATP). The muscle was minced and then digested for 5 min in the same buffer containing protease (1 mg (g muscle tissue)
−1 ). The digested muscle was then gently homogenized with six passes of a Potter-Elvehjem Teflon on glass homogenizer (100 r.p.m.). Mitochondria were isolated via differential centrifugation at 4°C. Briefly, homogenates were centrifuged at 700 g for 10 min. The resulting supernatant was filtered through cheesecloth and then centrifuged at 1000 g for 10 min. The supernatant was centrifuged at 8700 g for 10 min and the pellet was resuspended in 10 ml of isolation buffer with bovine serum albumin (BSA, fatty acid-free, at 1% mass:volume) and centrifuged at 8700 g. The pellet was resuspended in 10 ml of storage buffer (in mM: 0.5 EGTA, 3 MgCl 2 , 60 potassium methanesulphonate, 20 taurine, 10 KH 2 PO 4 , 20 Hepes, 110 sucrose, 0.02 vitamin E succinate, 2 pyruvate, 2 malate, pH 7.1) and centrifuged at 8700 g. The pellet was finally resuspended in 250-400 μl of storage buffer. Part of this mitochondrial suspension was kept on ice until mitochondrial physiology was measured, and the rest was homogenized in a glass tissue grinder and stored at −80°C for later use in enzyme assays (see below).
The physiology of isolated mitochondria was measured using high-resolution respirometry and fluorometry (Oxygraph-2k with O2k-Fluorescence module, Oroboros Instruments, Innsbruck, Austria). Isolated mitochondria (approximately 40 μg mitochondrial protein) were added to the respirometry chamber with a final volume of 2 ml of respiration buffer (in mM: 0.5 EGTA, 3 MgCl 2 , 60 potassium lactobionate, 20 taurine, 10 KH 2 PO 4 , 20 Hepes, 110 sucrose, 1 g l −1 fatty acid-free BSA; pH 7.1) at 37°C. Reactive oxygen species (ROS) was measured by fluorescence detection of resorufin (excitation wavelength of 525 nm and AmR filter set, Oroboros Instruments), which is produced from hydrogen peroxide (H 2 O 2 ) and Ampliflu Red (Sigma-Aldrich, Oakville, Ontario, Canada) in a reaction catalysed by horseradish peroxidase. Mitochondrial superoxide and H 2 O 2 were thus detected together by adding superoxide dismutase (22.5 U ml −1 ; which catalyses the production of H 2 O 2 from superoxide), horseradish peroxidase (3 U ml −1 ), and Ampliflu Red (15 μmol l −1 ) to the chamber. ROS emission was thus measured during the following manipulations as the molar rate of H 2 O 2 released from mitochondria, by calibrating the fluorescent resorufin signal with the addition of exogenous H 2 O 2 . Leak respiration was stimulated with 5 mM pyruvate and 2 mM malate (L N ). P/O ratios (ATP produced per oxygen atom consumed) were obtained twice with additions of 125 μM ADP. After each addition of ADP was consumed and the mitochondria reached leak state respiration (L T ), maximal ADP-stimulated respiration (P PM ) was induced with 0.6-1 mM ADP. The respiratory control ratio (RCR) was calculated as the ratio of P PM /L T immediately before and after this saturating addition of ADP. Oxygen levels in the chamber were allowed to reach zero to determine the O 2 kinetics of mitochondrial respiration (see below). The chamber was then re-oxygenated, and the mitochondria were allowed to consume the remaining ADP and reach leak state respiration. The oxygen concentration was again allowed to reach zero to determine oxygen kinetics in the leak state. The chamber was again re-oxygenated and cytochrome oxidase was maximally stimulated with the addition of 1.25 mM ADP, 2 mM ascorbate, and 0.5 mM TMPD.
Respiration (rate of O 2 consumption) and ROS emission rates are expressed per milligram mitochondrial protein. DatLab 2 software (Oroboros Instruments) was used to fit respiration rate (Ṁ O 2 ) data from the transitions into anoxia to the equation:
where J max is maximal respiration (uninhibited by hypoxia), P O 2 is O 2 tension of the respiration medium, and P 50 is the P O 2 at which respiration is half of J max . Catalytic efficiency for O 2 was calculated as J max /P 50 . Delay in response time, internal zero drift and background O 2 flux of the O 2 sensor were accounted for as previously described (Gnaiger et al. 1995; Gnaiger & Lassnig, 2010) .
Enzyme and electron transport chain assays
Apparent maximal activities (V max ) of mitochondrial complexes I, II, III, IV and V as well as citrate synthase (CS) in isolated mitochondria were measured at 37°C as previously described (Kirby et al. 2007; Spinazzi et al. 2012 ) using a Spectromax Plus 384 microplate reader (Molecular Devices, Sunnyvale, CA, USA). Complexes III and IV were measured after a single freeze/thaw cycle in isotonic buffer (100 mM KCl 2 ; 25 mM KH 2 PO 4 ; 5 mM MgCl 2 ), complexes I, II and V were measured after a second freeze/thaw cycle in hypotonic buffer (25 mM KH 2 PO 4 ; 5 mM MgCl 2 ), and CS was measured after a third freeze/thaw cycle (in 100 mM Tris, pH 8). Assays were carried out in the following conditions (in mM, unless stated otherwise). Complex I: 0.2 NADH, 0.3 KCN, 0.06 coenzyme Q 10 , 0.01 rotenone, and 3 mg ml −1 BSA in 50 KH 2 PO 4 (pH 7.5); complex II: 20 succinate, 0.3 KCN, 0.1 dichlorophenolindophenol (DCPIP), and 0.05 decylubiquinone (DUB) in 25 KH 2 PO 4 (pH 7.5); complex III: 0.075 oxidized cytochrome c, 0.5 KCN, 0.1 EDTA, 0.1 decylubiquinol in 25 KH 2 PO 4 (pH 7.5); complex IV: 0.2 reduced cytochrome c and 0.3 KCN in 50 KH 2 PO 4 (pH 7.0); complex V, 5 ATP, 1 phosphoenolpyruvate, 0.2 NADH, 1 U ml −1 pyruvate kinase, 1 U ml −1 lactate dehydrogenase (LDH), and 0.0005 oligomycin in 50 KH 2 PO 4 (pH 7.5); CS: 0.5 acetyl-CoA, 0.15 dithiobisnitrobenzoic acid (DTNB), 0.5 oxaloacetate, 0.1% v/v Triton X-100, in 100 Tris (pH 8.0).
Statistical analysis
Data are presented as means ± SEM. Two-factor ANOVA and Bonferroni multiple-comparisons post-tests were used as appropriate to determine the main effects of population, altitude and acclimation environment, as well as their interaction. A significance level of P < 0.05 was used throughout.
Results
Respiratory capacities of permeabilized skeletal muscles
The respiratory capacity of permeabilized fibres from the gastrocnemius muscle was elevated in high-altitude deer mice (Fig. 1A) . ADP-stimulated OXPHOS respiration Figure 1 . The respiratory capacities of permeabilized muscle fibres from the gastrocnemius (A), but not the soleus (B), were greater in highland deer mice than in lowland deer mice Leak respiration was measured in the absence of ATP (L N : malate, pyruvate), and oxidative phosphorylation was measured with substrates of complex I (P PM : malate, pyruvate, ADP; P PMG : malate, pyruvate, glutamate, ADP), complexes I and II (P PMGS : malate, pyruvate, glutamate, succinate, ADP) and maximal complex IV stimulation (P Tm : ADP, ascorbate, TMPD). A, n = 8 for normoxia-acclimated individuals, n = 7 for hypoxia-acclimated individuals for L N , P PM, P PMG , P PMGS ; n = 6 individuals for each treatment group for P Tm . B, n = 5 individuals for each treatment group. N, normoxia acclimation; H, hypoxia acclimation. # Significant main effect of population. † Significant main effect of hypoxia acclimation. * Significant pairwise differences between the highland and lowland populations within the same acclimation environment. ‡ Significant pairwise differences in response to hypoxia acclimation within a population.
supported by pyruvate and malate (P PM ) was ß40% greater in highland mice than in the lowland mice (F 1,26 = 16.88; P = 0.0004), but there was no significant main effect of acclimation (F 1,26 = 0.062; P = 0.8041) nor a significant effect of population × acclimation interaction (F 1,26 = 0.040; P = 0.8426). Similarly, maximal respiration via complex I with the subsequent addition of glutamate (P PMG ) (F 1,25 = 12.022; P = 0.002) and complexes I + II respiration with the addition of succinate (P PMGS ) (F 1,26 = 15.354; P < 0.001) were both higher in highland mice compared to lowland mice. There was no main effect of acclimation on P PMG (F 1,25 = 0.208; P = 0.652) or P PMGS (F 1,26 = 0.204; P = 0.656), and there were no significant interactions (P PMG , F 1,25 = 0.0424, P = 0.838; P PMGS , F 1,26 = 0.031, P = 0.862). Maximal respiration via complex IV stimulated with ascorbate and TMPD (P Tm ) followed a similar pattern, with a significant main effect of population (F 1,20 = 5.561; P = 0.029) but with no influence of hypoxia acclimation (F 1,20 = 0.902; P = 0.354) or a significant population × acclimation interaction (F 1,20 = 1.855; P = 0.188). Leak state respiration in the absence of ATP (L N ) in the gastrocnemius muscle was not significantly different between the populations (F 1,26 = 1.635; P = 0.212) and there was no main effect of acclimation (F 1,26 = 1.342; P = 0.257) or any significant interaction effect (F 1,26 = 0.733; P = 0.400).
In contrast to the gastrocnemius, the respiratory capacity of the soleus muscle was similar in both populations (Fig. 1B ). There were no significant effects of population (F 1,16 = 0.532; P = 0.476), acclimation (F 1,16 = 0.004; P = 0.949), or population × acclimation interaction (F 1,16 = 1.112; P = 0.307) on P PM . Similarly, there were no main effects of population, acclimation, or their interaction on P PMG (population, F 1,16 = 0.340, P = 0.568; acclimation, F 1,16 = 0.060, P = 0.809; population × acclimation, F 1,16 = 0.575, P = 0.459) or P PMGS (population, F 1,16 = 0.583, P = 0.456; acclimation, F 1,16 = 0.175, P = 0.681; interaction, F 1,16 = 0.611; P = 0.446). P Tm decreased with hypoxia acclimation (F 1,16 = 6.818; P = 0.019) by 17% in highlanders and 42% in lowlanders, but there were no significant effects of population (F 1,16 = 0.929; P = 0.350) or population × acclimation interaction (F 1,16 = 0.815; P = 0.380). L N was not affected by population and/or treatment (population, F 1,16 = 0.027, P = 0.871; acclimation, F 1,16 = 2.693, P = 0.120; population × acclimation, F 1,16 = 0.760, P = 0.396).
Mitochondrial abundance and structure
Highland deer mice had greater mitochondrial volume densities in the gastrocnemius muscle, entirely attributable to a greater abundance of subsarcolemmal mitochondria (Fig. 2) . Representative electron micrographs from the oxidative core of highland and lowland deer mice Highland deer mice had a higher mitochondrial density in the gastrocnemius muscle, due entirely to an increased abundance of subsarcolemmal mitochondria Representative transmission electron micrographs from the oxidative core of highland (A) and lowland (B) deer mice acclimated to normoxia, and highland (C) and lowland (D) deer mice acclimated to hypoxia. E-G, volume densities of all mitochondria (which includes both subsarcolemmal and intermyofibrillar mitochondria) (E), subsarcolemmal mitochondria (F) and intermyofibrillar mitochondria (G). n = 5 individuals for each treatment group. Data points within an acclimation environment are offset for clarity. Scale bar represents 2 µm. Arrow, subsarcolemmal mitochondria; arrowhead, intermyofibrillar mitochondria. # Significant main effect of population. * Significant pairwise differences between the highland and lowland populations within the same acclimation environment.
J Physiol 595.14 are shown in Fig. 2A -D, with arrow denoting subsarcolemmal mitochondria and arrowhead denoting intermyofibrillar mitochondria. The total mitochondrial volume density was 25% greater in highland deer mice (F 1,16 =18.56, P < 0.001), but there were no effects of hypoxia acclimation (F 1,16 = 0.049, P = 0.827) or population × acclimation interaction (F 1,16 = 0.025, P = 0.877). The population difference in the abundance of subsarcolemmal mitochondria was even larger, with the volume density of subsarcolemmal mitochondria 79% greater in highlanders than in lowlanders (population effect, F 1,16 = 54.274, P < 0.001), but there were no population differences in the abundance of intermyofibrillar mitochondria (Fig 2G, F 1,16 = 0.01, P = 0.923). Hypoxia acclimation had no significant effects on the abundances of subsarcolemmal (F 1,16 = 0.274; P = 0.608) or intermyofibrillar (F 1,16 = 0.456; P = 0.509) mitochondria, and the population × acclimation interactions were not significant (subsarcolemmal, F 1,16 = 0.274, P = 0.608; intermyofibrillar, F 1,16 = 0.456, P = 0.509). The population differences in mitochondrial abundance cannot be attributed to any differences in fibre-type composition in the gastrocnemius muscle, and occurred in both slow oxidative and fast oxidative fibre types. The abundances of slow and fast oxidative fibres far exceeded those of fast glycolytic fibres, and there were no significant main effects of population on muscle fibre types ( Table 1 ), suggesting that previously observed population differences in fibre-type composition in the gastrocnemius (Lui et al. 2015) were driven largely by regions outside of the oxidative core. Average numerical density for each treatment group were used to estimate the mitochondrial volume densities within each fibre type, as described in the Methods. In doing so, we found that high-altitude mice generally had greater mitochondrial volume densities in both slow oxidative and fast oxidative fibre types that were entirely attributable to greater volume densities of subsarcolemmal mitochondria (Table 1) . Due to the small number of glycolytic fibres in the oxidative core, we did not evaluate mitochondrial volume densities in this fibre type.
There were no significant population differences in the surface density of mitochondrial cristae, but exposure to chronic hypoxia induced increases of this trait in both populations (Fig. 3) . Cristae surface density increased by 14% in highland mice and 15% in lowland mice in response to hypoxia acclimation in intermyofibrillar mitochondria (F 1,16 = 10.518; P = 0.005). A similar pattern was observed in subsarcolemmal mitochondria, with hypoxia acclimation increasing cristae surface density by 11% in highland mice and 7% in lowland mice, but the main effect of acclimation was only marginally significant (F 1,16 = 4.353; P = 0.053). However, cristae surface density did not differ between populations in either subsarcolemmal (main effect of population, F 1,16 = 0.865; P = 0.366) nor intermyofibrillar (F 1,16 = 0.554; P = 0.467) mitochondria, and there were no significant population × acclimation interactions (subsarcolemmal, F 1,16 = 0.215, P = 0.649; intermyofibrillar, F 1,16 = 0.00193, P = 0.966).
Mitochondrial physiology of isolated mitochondria
Isolated mitochondria of highlanders had higher mitochondrial respiration rates than those from lowland deer mice acclimated to normoxia, but rates were similar between the populations after hypoxia acclimation (Fig. 4A) . P PM was 20% greater in normoxic highland mice than in the corresponding lowland mice (F 1,24 = 6.207; P = 0.020). However, respiration increased by ß32% in response to hypoxia acclimation in lowland mice, whereas highland mice showed the opposite trend, such that there was a significant population × acclimation interaction (F 1,24 = 6.503; P = 0.018) but no clear overall effect of acclimation (F 1,24 = 0.552; P = 0.465). P Tm followed the same pattern, with a significant main effect of population (F 1,22 = 11.1, P = 0.003) in the normoxia group and population × acclimation interaction (F 1,22 = 11.05, P = 0.0031), but no main effect of hypoxia acclimation (F 1,22 = 0.307; P = 0.585). In contrast, L N did not differ significantly between the populations (F 1,24 = 0.821; P = 0.374) or in response to hypoxia acclimation (F 1,24 = 0.833; P = 0.371), and the population × acclimation interaction was not significant (F 1,24 = 2.675; P = 0.115). Similarly, there were no main effects of population (F 1,24 = 0.126; P = 0.726) or acclimation (F 1,24 = 0.0002; P = 0.989) on leak state respiration in the presence of ATP (L T ) but there was a significant population × acclimation interaction (F 1,24 = 4.44; P = 0.046) (Fig. 4A) . Respiratory control ratios (RCRs) were always above 5, but the high-altitude population had a higher RCR than the lowland population (Table 2 ). In contrast, P/O ratios showed no significant effect of population or hypoxia acclimation (Table 2) . There were also subtle differences in oxygen kinetics between populations. Mitochondria from highland mice exhibited a significantly greater O 2 affinity (lower P 50 ) during leak respiration. The catalytic efficiency for oxygen (respiration/P 50 ), a measure that best reflects hypoxia sensitivity because it indicates the magnitude of respiration that can be sustained at low P O 2 (Gnaiger et al. 1998 ) was higher in highlanders during P PM ( Table 2) .
The V max of complex III and IV in the electron transport system exhibited similar patterns of variation to those for respiration in isolated mitochondria (Fig. 4B) . Complex III activity was ß51% higher in the highland population compared to the lowland population in normoxia, but population values converged after hypoxia acclimation (population, F 1,24 = 8.298, P = 0.008; acclimation, F 1,24 = 0.283, P = 0.600; interaction, (I,m) , numerical density of slow oxidative fibres; V V (mt,I), total mitochondrial volume density (as % fibre volume) of slow oxidative fibres; V V (ssm,I), subsarcolemmal mitochondrial volume densities of slow oxidative fibres; V V (imm,I), intermyofibrillar mitochondrial volume densities of slow oxidative fibres; N N (IIa,m), numerical density of fast oxidative fibres; V V (mt,IIa), total mitochondrial volume density of fast oxidative fibres; V V (ssm,IIa), subsarcolemmal mitochondrial volume densities of fast oxidative fibres; V V (imm,IIa), total mitochondrial volume density of fast oxidative fibres; N N (IIb,m) numerical density of glycolytic fibres; Pop., population; Acc., acclimation; Pop. × Acc., interaction of population and acclimation. For numerical densities, n = 9 individuals for each treatment group, except n = 7 for hypoxia-acclimated lowlanders. For mitochondrial volume densities, n = 5 individuals for each treatment group. * Significant pairwise differences between the high and lowland populations within the same acclimation environment.
F 1,24 = 0.544, P = 0.468). Similarly, complex IV activity was ß52% higher in the highland population compared to the lowland population in normoxia, and they converged after acclimation (population, F 1,24 = 19.035, P ࣘ 0.001; acclimation, F 1,24 = 0.108, P = 0.745; interaction, F 1,24 = 11.136, P = 0.003). In contrast, there were no significant differences in activity for complex I (population, F 1,24 = 1.755, P = 0.198; acclimation, The emission of reactive oxygen species (ROS) from mitochondria was reduced by hypoxia acclimation, but did not differ between populations (Fig. 5) . The rates of ROS emission reported were measured at ß2.5 kPa O 2 , to control for any potential effects of P O 2 on this variable. Mitochondrial ROS emission decreased in both populations after hypoxia acclimation during both P PM J Physiol 595.14 (F 1,17 = 13.33, P = 0.002) and L T (F 1,23 = 4.469, P = 0.0456). There was no main effect of population on ROS emission during P PM (F 1,17 = 0.734, P = 0.118) or L T respiration (F 1,23 = 0.631, P = 0.237), nor were there significant population × acclimation interactions (P PM , F 1,17 = 1.43, P = 0.248; L T , F 1,23 = 0.0121, P = 0.913).
Discussion
The goal of this study was to explore if high-altitude deer mice offset reductions in circulatory O 2 supply during hypoxia with increases in tissue oxidative capacity or changes in mitochondrial distribution, thus contributing to the improvements in aerobic capacity (V O 2 max ) in hypoxia exhibited by high-altitude deer mice compared to low-altitude deer mice (Cheviron et al. 2012; Lui et al. 2015) . Highland deer mice must sustain high metabolic rates for adequate aerobic locomotion and thermogenesis in the wild (Hayes, 1989 , Hayes & O'Connor, 1999 . We found that skeletal muscles of high-altitude deer mice have higher respiratory capacities and more abundant subsarcolemmal mitochondria compared to low-altitude . n = 7 individuals for each treatment group, except n = 6 for normoxia-acclimated highland and lowland mice for P Tm . B, mitochondrial complex activities of lowland mice acclimated to normoxia were set to 1 to ease comparison, which equalled the following absolute activities for each enzyme (in µmol (mg protein) −1 min −1 ): complex I (CI) = 2.16, complex II (CII) = 0.82, complex III (CIII) = 1.87, complex IV (CIV) = 4.34, complex V (CV) = 5.19, and citrate synthase (CS) = 5.13. n = 7 individuals for each treatment group for CI, CII, CIII, CIV and CS; n = 6 individuals for each treatment group for CV. Enzyme assays were conducted on the isolated mitochondria that remained after deer mice. These evolved differences were distinct from the effects of hypoxia acclimation which increased cristae surface density of mitochondria and reduced reactive oxygen species production in both populations. Evolved increases in oxidative capacity and a redistribution of mitochondria next to the cell membrane and adjacent to capillaries in skeletal muscle may therefore be adaptive for counteracting hypoxia and providing an adequate supply of ATP to support the high demands of exercise and shivering thermogenesis at high altitudes. There is strong positive selection onV O 2 max in high-altitude populations, because individuals with a highV O 2 max to support thermogenesis in the cold have a distinct survival advantage during harsh winters (Hayes & O'Connor, 1999) , so the observed changes in muscle oxidative capacity and mitochondrial distribution probably contribute to improving fitness in the wild. High-altitude deer mice express a more oxidative phenotype in the gastrocnemius muscle, enhancing its overall capacity for oxygen consumption. Due to the hyperbolic relationship between oxygen tension and mitochondrial respiration rate (Gnaiger, 2001) , having a more oxidative phenotype can help counteract impairments in respiration that can be induced by intracellular hypoxia (Hochachka, 1985) . Oxidative capacity of a muscle can be augmented by (i) increasing the abundance of oxidative fibres, (ii) increasing mitochondrial volume density within each muscle fibre, and/or (iii) increasing the respiratory capacity of individual mitochondria. We previously found that gastrocnemius muscles of highland deer mice have more abundant oxidative fibres compared to lowland deer mice across the entire gastrocnemius muscle (Lui et al. 2015 ), which appears to be attributed largely to the regions outside of the oxidative core (i.e. the lateral and medial heads of the muscle) based on our re-analysis of those data (Table 1) . However, muscle fibres in the oxidative core of the gastrocnemius muscle had much higher respiratory capacities (Fig. 1) and mitochondrial volume densities are higher in highland mice compared to the lowland mice (Fig. 2) , independent of any population differences in fibre-type composition. Mitochondrial volume densities were very high in the oxidative fibres of highland deer mice, and much higher than in many lowland mammals. Mitochondrial volume densities vary greatly between fibre types, muscles and species. Aerobic muscle fibres generally have mitochondrial volume densities of 3-8% the respiration trials were conducted. N, normoxia acclimation; H, hypoxia acclimation. # Significant main effect of ancestry. † Significant main effect of acclimation. * Significant pairwise differences between the high-and lowland populations within the same acclimation environment. ‡ Significant pairwise differences in response to hypoxia acclimation within a population. RCR, respiratory control ratio (P PM /L T ); P/O ratio, ATP produced per oxygen atom consumed; P PM , OXPHOS respiration with pyruvate and malate; L T , leak respiration in the presence of ATP; P 50, P O 2 at 50% inhibition of maximal respiration (expressed in kPa); catalytic efficiency, the quotient of maximum O 2 flux and P 50 (expressed in units nmol O 2 (mg protein) −1 min −1 kPa −1 ); Pop., population; Acc., acclimation; Pop. × Acc., interaction of population and acclimation. n = 7 individuals for each treatment group for P/O ratios and respiratory control ratios. n = 6 individuals for each treatment group, except n = 5 for normoxia-acclimated highland mice for oxygen kinetics. * Significant pairwise differences between the high and lowland populations within the same acclimation environment.
in humans (Alway, 1991) and 1-14% in various other mammals (Mathieu et al. 1981; Desplanches et al. 1990 ).
The mitochondrial abundances we observed here in the oxidative core of the gastrocnemius of high-altitude deer mice (ß26%) approach values only seen in the flight muscles of small birds with extremely high metabolic rates, such as hummingbirds (Suarez et al. 1991) . The higher mitochondrial volume densities found in high-altitude deer mice can be attributed to a greater abundance of subsarcolemmal mitochondria in oxidative muscle fibres, which is probably advantageous for mitochondrial O 2 supply in hypoxic environments. A preferential overabundance of subsarcolemmal mitochondria in the muscle of highland mice situates more mitochondria adjacent to capillaries, and thus reduces the diffusion distance for oxygen. In general, the non-uniform distribution of mitochondria in muscle fibres probably results from reaction-diffusion constraints during aerobic metabolism (Boyle et al. 2003; Hardy et al. 2009) . Mathematical modelling has shown that redistributing mitochondria closer to the cell periphery helps muscle fibres overcome diffusion limitations of oxygen delivery Pathi et al. 2011 Pathi et al. , 2013 . As predicted by these models, increases in muscle fibre size have been associated with a redistribution of mitochondria to the periphery of the cell (Boyle et al. 2003; Hardy et al. 2009; Pathi et al. 2012) . Interestingly, the oxidative fibres of high-altitude deer mice are larger in size (Lui et al. 2015) , which could provide an additional stimulus (in addition to hypoxia) for the observed subsarcolemmal redistribution of mitochondria. Similar to highland deer mice, oxidative fibres in the pectoralis muscle of the high-flying bar-headed goose have a greater proportion of mitochondria in a subsarcolemmal location compared to low altitude geese (Scott et al. 2009a (Scott et al. , 2015b . In both high-altitude taxa, the mitochondrial redistribution is associated with increases in muscle capillarity (Scott et al. 2009a; Lui et al. 2015) , which should together improve O 2 supply in hypoxia and improve performance at high altitudes.
Because subsarcolemmal mitochondria are further from cellular ATPases than intermyofibrillar mitochondria, the diffusion distance could foreseeably be greater for the ATP produced by the more abundant subsarcolemmal mitochondria in highland deer mice. However, recent evidence suggests that the complex and pervasive interconnections within the mitochondrial reticulum of muscle might preclude this possibility (Glancy et al. 2015) . According to Glancy et al. (2015) there is a distribution of labour between subsarcolemmal mitochondria, which are specialized for consuming oxygen and generating the proton-motive force, and intermyofibrillar mitochondria, which use the proton-motive force for ATP production. The skeletal muscle of highland deer mice may thus have a greater ability to take up and consume oxygen and generate proton-motive force by virtue of their increased abundance of subsarcolemmal . The rate of emission of reactive oxygen species (ROS) from mitochondria during oxidative phosphorylation (P PM ; A) and leak (L T ; B) respiration ROS emission was coupled to H 2 O 2 production using exogenous superoxide dismutase and was measured fluorometrically using Ampliflu Red. Because ROS emission rates may be dependent on O 2 tension (P O 2 ), the ROS emission rates shown were all measured at P O 2 ß2.5 kPa. A, n = 5 individuals for each treatment group, except n = 6 for hypoxia-acclimated lowland mice. B, n = 7 individuals for each treatment group, except n = 6 for hypoxia-acclimated lowland mice. † Significant main effect of acclimation. ‡ Significant pairwise differences in response to hypoxia acclimation within a population.
mitochondria, while the ability to produce ATP close to cellular ATPases is maintained because volume densities of intermyofibrillar mitochondria are the same between highland and lowland populations. Otherwise, enhanced shuttling of ATP, such as greater use of the phosphocreatine shuttle (Ventura-Clapier et al. 1998) , could help counteract increases in ATP diffusion distance. This may be the case in bar-headed geese, based on observations that creatine sensitivity of mitochondrial respiration is enhanced compared to low-altitude geese, which suggests that the redistribution of mitochondria towards the subsarcolemma may exist in concert with an active phosphocreatine shuttle to help improve the coupling of ATP supply and demand (Scott et al. 2009b) . Hypoxia acclimation had no effect on the relative proportion of subsarcolemmal mitochondria in either population of deer mice. In contrast, humans after high-altitude acclimatization show a counterintuitive loss of mitochondrial volume density that is greatest in the subsarcolemmal fraction (Murray & Horscroft, 2016) . Perhaps the difference in responses between humans and deer mice is the result of experimental design or in the severity of the hypoxia exposures. Brief periods of normoxia, necessary for cage cleaning in the current study, may have potentially influenced the acclimation response in deer mice. However, these brief periods might be expected to have a modest impact relative to the effects of the much longer-term hypoxia acclimation. Alternatively, the hypoxia used to simulate the native high altitude range of deer mice (4300 m) was less than that needed to induce the changes in mitochondrial physiology that have been observed in humans exposed to higher elevations (D'Hulst & Deldicque, 2017).
Hypoxia acclimation had some similar effects on mitochondrial structure in both highland and lowland deer mice, but distinct effects on mitochondrial function between populations. The cristae surface density of mitochondria increased with hypoxia acclimation in both subsarcolemmal and intermyofibrillar mitochondria in both populations. In lowland deer mice, this increased surface density of cristae was associated with increases in both cytochrome c oxidase activity and respiratory capacity of isolated mitochondria after hypoxia acclimation. In contrast, hypoxia acclimation decreased cytochrome c oxidase activity in highland deer mice, in concert with a slight but non-significant reduction in pyruvate-stimulated state 3 respiration. Aerobic capacity and mitochondrial function can be influenced by activity level (Hood, 2001; Weibel et al. 2004; Lira et al. 2010) , so it is possible that our results were influenced by population differences in activity during hypoxia acclimation. However, both populations were housed in the same conditions and given the same access to food, so any differences in activity would be due to innate (evolved) behavioural differences between populations.
J Physiol 595.14 How can the observed effects of hypoxia acclimation on respiration in isolated mitochondria be reconciled with our observations of respiration in permeabilized muscle fibres and of mitochondrial abundance? Muscle fibre respiration was 40-43% higher in highlanders than in lowlanders and did not change with hypoxia acclimation (Fig. 1) . Mitochondrial abundance was 26-29% higher in highlanders than in lowlanders and was also unchanged by hypoxia acclimation (Fig. 2) . These observations alone imply that there should also be a modest population difference in the respiratory capacity of isolated mitochondria that is unaltered by hypoxia acclimation, but this was clearly not the case (Fig. 4) . It is possible that there were differences in mitochondrial function between the tissues used for muscle fibre respiration and TEM (oxidative core of the gastrocnemius muscle) and those used for mitochondrial isolation (all hindlimb muscles). There might have also been changes in mitochondrial physiology during the isolation process, consistent with some previous studies that have noted qualitatively distinct patterns of variation between isolated mitochondria and permeabilized muscle fibres (Picard et al. 2010; Mathers & Staples, 2015) . Although the reasons for this discrepancy are not entirely clear, the combined effects of all determinants of oxidative capacity nevertheless contribute to highland deer mice having a higher oxidative capacity in the gastrocnemius muscle.
Recent work suggests that hypoxia acclimation increases the proportion of carbohydrates oxidized relative to fatty acids when running at 75% ofV O 2 max in highland but not in lowland deer mice (Lau et al. 2017 ). Similar differences in fuel selection during exercise have been observed between lowland and highland species of Andean leaf-eared mice (Schippers et al. 2012) . Carbohydrate oxidation produces more ATP per mole of oxygen than the oxidation of fatty acids (Brand, 2005; Welch et al. 2007) , and may thus be beneficial for sustaining muscle performance in high-altitude hypoxia. It would be instructive to examine the role of mitochondria in this switch, to determine whether mitochondrial capacities for oxidizing carbohydrates relative to fatty acids might increase in high-altitude mice after hypoxia acclimation, and represent another way in which hypoxia acclimation might have distinct effects on mitochondrial function between populations.
Hypoxia acclimation decreased mitochondrial ROS emission in both populations of deer mice. Some evidence suggests that initial exposure to hypoxic environments increases the rate of mitochondrial ROS production, because O 2 limitation at cytochrome c oxidase can render the electron transport system in a more reduced state (Hoppeler et al. 2003) . On the one hand, high levels of ROS production could lead to maladaptive increases in oxidative damage to cellular components. On the other hand, increases in ROS production may play an important signalling role in hypoxic environments, and is known to stabilize hypoxia-inducible factors (HIF) and thus promote the expression of hypoxia-responsive genes (Chandel et al. 2000) . In fact, stabilization of HIF-1α can lead to downstream changes that feed back to reduce ROS production after prolonged hypoxia exposure (Fukuda et al. 2007; Bo et al. 2008; Zhang et al. 2008) . It is possible that this contributed to the decrease in mitochondrial ROS emission that we observed here in response to hypoxia acclimation (Fig. 5) . However, it is unclear whether our observations are caused by a decrease in ROS production by the electron transport system, or by an increase in ROS scavenging by antioxidant systems within the mitochondria (Kowaltowski & Vercesi, 1999; Guzy et al. 2005; Murphy, 2009; Treberg et al. 2010) .
Conclusions and perspectives
High-altitude natives have evolved exquisite physiological adaptations over millennia that enable them to function under conditions of severe hypoxia. These adaptations provide a strong indication of traits that are especially beneficial for improving performance and hypoxia resistance at high altitudes. High-altitude adaptation appears to have increased maximal O 2 consumption in hypoxia in highland deer mice (Hayes, 1989; Hayes & O'Connor, 1999; Cheviron et al. 2012; Lui et al. 2015) . As skeletal muscles are a major determinant oḟ V O 2 max , our results suggest that adaptive modifications in the muscle -specifically the respiratory capacity and intracellular distribution of mitochondria -are key to high-altitude adaptation in this species. Given the strong positive selection onV O 2 max in high-altitude populations in the wild (Hayes & O'Connor, 1999) , the observed changes in muscle phenotype in high-altitude populations probably contribute to improving survival and reproductive fitness. The mechanisms underlying high-altitude adaptation were largely distinct from the effects of hypoxia acclimation observed here and in many previous studies of high-altitude acclimatization (Murray & Horscroft, 2016) , although there were some population differences in the acclimation response. This is one of the first studies to describe adaptations in mitochondrial physiology in non-human mammals native to high altitude, and suggests that natural selection can employ unique solutions to overcome the hypoxic conditions at high altitudes that are beyond those attained by lowlanders after extensive acclimatization.
Here, we used F1 generation mice that were born and raised in normoxia to examine population differences in adults that were acclimated to normoxia or hypoxia, but other life stages and other challenges of high-altitude environments are worth future consideration. Pre-natal exposure to hypoxia has been shown to affect various aspects of physiology (Hutter et al. 2010) , including mitochondrial function (Galli et al. 2016) , and it would be valuable to investigate how developmental hypoxia impacts mitochondrial physiology in deer mice, and whether the effects of developmental hypoxia differ between high-and low-altitude populations. Furthermore, cold is another key stressor at high altitudes, one that is a significant challenge for small endotherms such as deer mice, and that could lead to distinct mechanisms of high-altitude adaptation between small and large animals (e.g. mice versus humans). Cold acclimation is often observed to increase capillarity and aerobic capacity of muscles from lowland mammals (Jackson et al. 1987; Herpin & Lefaucheur, 1992; Mineo et al. 2012; Sillau et al. 1980; Wickler, 1980) , but little is known about this process in high-altitude natives. It will be instructive to examine how cold-induced plasticity (during early development and adulthood) affects mitochondrial physiology in high-and low-altitude populations, alone or in combination with hypoxia, to tease apart the influence of these stressors on muscle aerobic capacity at high altitudes.
